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Homeostasis in adult tissues is maintained by resi-
dent stem cells and their progeny. Little is known
about the regulation of tissue homeostasis by
organ-organ interaction. Here we demonstrate that
trachea-derived Decapentaplegic (Dpp), the main
bone morphogenetic protein ligand in Drosophila, is
essential for adult midgut homeostasis. We show
that Dpp signaling is primarily activated in entero-
cytes (ECs). Depletion of Dpp signaling in ECs results
in excess amounts of intestinal stem-cell-like cells
and their progeny. Importantly, we find that Dpp is
expressed specifically in tracheal cells that reach
the intestinal cells through the visceral muscles.
Depletion of dpp expression in tracheal cells pheno-
copies the Dpp loss-of-function defects in ECs. Our
data demonstrate that the Drosophila trachea not
only exchanges air for bodily needs but also pro-
duces a Dpp morphogen essential for neighboring
tissue homeostasis. This work will provide important
insights into the mechanisms of tissue homeostasis
control by interorgan communication.
INTRODUCTION
The normal structure and function of adult tissues (i.e., homeo-
stasis) is maintained by resident stem cells and their progeny
throughout life. The proliferation of adult stem cells and differen-
tiation of their progenymust be tightly controlled. One of the best
examples is the adult gastrointestinal epithelium, which is
constantly being renewed with the progeny of intestinal stem
cells (ISCs). Deregulation of the regulatory mechanisms could
result in the depletion of stem cells or in excessive proliferation
of stem cells/progenitor cells, eventually leading to diseases,
such as cancer (Lin, 2008; Morrison and Spradling, 2008; Radtke
and Clevers, 2005; Xie and Spradling, 1998). Understanding
regulatory networks will yield insights into the mechanisms of
related human diseases.
The Drosophila adult midgut has recently emerged as an
attractivemodel system to investigate how stem cell proliferation
and differentiation are regulated (Casali and Batlle, 2009; Wang
and Hou, 2010). Previous studies demonstrated that the
Drosophila adult midgut contains ISCs that are located adjacent
to the basement membrane of the midgut epithelium (MicchelliDevelopmand Perrimon, 2006; Ohlstein and Spradling, 2006). ISCs
undergo constant asymmetric self-renewing divisions and also
produce nondividing, undifferentiated ISC daughters, termed
enteroblasts (EBs), which can be terminally differentiated into
either an absorptive enterocyte (EC) or a secretory enteroendo-
crine cell (ee) (Micchelli and Perrimon, 2006; Ohlstein and Spra-
dling, 2006) (Figure 1A). It has been shown that these ISCs are
responsible for midgut homeostasis under normal and regener-
ative conditions and that the Janus kinase/signal transducer and
activator of transcription (JAK/Stat), epidermal growth factor
receptor (EGFR), and Hippo signaling pathways are required
for midgut homeostasis in response to environmental challenges
(Amcheslavsky et al., 2009; Jiang et al., 2009, 2011; Karpowicz
et al., 2010; Ren et al., 2010; Staley and Irvine, 2010). However,
the mechanisms controlling midgut homeostasis under physio-
logical conditions remain elusive.
The bone morphogenetic proteins (BMPs), a subfamily of the
transforming growth factor b (TGFb) superfamily, elicit a broad
range of cellular responses, including the regulation of cell divi-
sion, survival, and specification of cell fates. Deregulation of
the BMP signaling pathway has been implicated in a variety of
human diseases, including cancer (Affolter and Basler, 2007;
Araujo et al., 2011; Decotto and Spradling, 2005; Dutko andMul-
lins, 2011; Grady andMarkowitz, 2002;Massague´, 1996; Xie and
Spradling, 1998). In Drosophila, the main BMP, dpp, encoding
a vertebrate BMP2/4 homolog, functions as a local signal as
well as a long-range morphogen to pattern the early embryo
and imaginal wing disc (Lawrence and Struhl, 1996; Padgett
et al., 1987). The Decapentaplegic (Dpp) signaling pathway is
well-characterized in Drosophila. Dpp binds to both type I and
II receptors to allow the constitutively active Punt kinase to phos-
phorylate and activate type I kinases, which phosphorylate
Mothers against dpp (Mad). The phosphorylated Mad brings
Medea into the nucleus to stimulate target gene expression
(Araujo et al., 2011). Dpp signaling has been extensively studied
in various developmental contexts in Drosophila. For example,
during larval AMP development, a transient niche is generated
to regulate the specification of ISCs, which uses Dpp signaling
to maintain the progenitors in an undifferentiated state (Mathur
et al., 2010). However, whether Dpp signaling plays a role in adult
midgut homeostasis has not been investigated.
In this study, we provide evidence that Dpp signaling plays an
essential role in regulating adult midgut homeostasis. Impor-
tantly, we show that the Dpp ligand is produced specifically in
tracheal cells and reaches the midgut to control midgut homeo-
stasis. Thus, our data uncover a mechanism of tissue homeo-
stasis maintenance via interorgan communication.ental Cell 24, 133–143, January 28, 2013 ª2013 Elsevier Inc. 133
Figure 1. Dpp Signaling Is Primarily Activated in ECs in Drosophila Adult Midgut
(A) A cross-section drawing of theDrosophilamidgut, in which specific cell type markers andGal4 drivers are indicated. ISC, intestinal stem cell; EB, enteroblast;
EC, enterocyte; ee, enteroendocrine cell; BM, basement membrane; CM, circular muscle.
(B) Activated Dpp signal transducer pMAD (red) is mainly detected in the polyploid cells in the adult midgut.
(C) pMAD-positive cells (red, pMAD+) are often esg>GFP (green) negative (esg).
(D) The Dpp signaling downstream target, Dad (red, by Dad-lacZ) is mainly expressed in the polyploid cells.
(E) An apical section of the midgut epithelium shows that Dad-expressing cells (red, by Dad-lacZ) are polyploid cells.
(F) A basal section of the midgut epithelium shows that Dad (red, by Dad-lacZ) is also expressed in some esg+ cells (green, white arrowheads, boxed insert). The
inset on the top right shows LacZ staining (red, white arrowheads).
(G) Dad-positive cells (red, by Dad-lacZ) are often both esg (green) and pros (blue).
(H) A side-view section of the midgut epithelium shows that Dad-positive cells (red, by Dad-lacZ, Dad+) are both esg (green) and pros (blue) negative (esg
and pros).
(I) Dad (red, by Dad-lacZ) is expressed in pMAD+ (green) cells in the midgut.
(J) Dad-expressing cells (red, by Dad-lacZ) are positive for PDM1 (green), the mature EC marker.
(K) A side-view section of the midgut epithelium shows that Dad-expressing cells (red, by Dad-lacZ) are PDM1-positive (green).
Blue indicates DAPI staining in (B–F) and (I–K). Scale bars, 20 mm. See also Figure S1.
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Dpp Signaling Is Primarily Activated in ECs in the
Drosophila Adult Midgut
In mammals, BMP signaling is activated along the villus and
negatively regulates ISC proliferation (Haramis et al., 2004;
Yeung et al., 2011). However, it is currently unknown whether
BMP signaling is also involved in adult midgut homeostasis in
Drosophila. To address this, we first examined whether Dpp
signaling is activated in the midgut. Phosphorylated MAD
(pMAD) (Affolter and Basler, 2007; Xie and Spradling, 1998),
the activated downstream mediator of Dpp signaling, was
detected in the large cells in themidgut (Figure 1B). Closer exam-134 Developmental Cell 24, 133–143, January 28, 2013 ª2013 Elseviination showed that large pMAD-positive (pMAD+) cells were
often esg-negative (esg) (Figure 1C) (Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006) and only occasionally esg-
positive (esg+) with a weaker signal (Figure S1A available online),
suggesting that Dpp signaling is mainly activated in the differen-
tiated ECs. Consistent with this, the expression of Daughters
against dpp (Dad) (Kai and Spradling, 2003), a Dpp downstream
transcriptional target, was also found primarily in the large cells
and occasionally at a weaker level in the small cells (Figures
1D and S1B). At the basal side of the midgut epithelium,
Dad-lacZ could be occasionally detected in esg+ cells at a
weaker level (Figures 1E and 1F). Most Dad-positive (Dad+) cells
were often esg and pros-negative (pros) (Figures 1G, 1H, S1C,er Inc.
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cells (Figure 1I). These large Dad+ cells are mature ECs, as
evidenced by the expression of PDM1, the marker of mature
ECs, in these cells (Figures 1J and 1K). Together, the above
data demonstrate that Dpp signaling is primarily activated in
ECs of the Drosophila midgut.
Depletion of Dpp Signaling in ECs Resulted in Midgut
Homeostasis Loss
As Dpp signaling is highly activated in ECs, we focused on the
function of Dpp signaling in ECs. We depleted Dpp signaling
activity in ECs by the knockdown of various Dpp signaling
components using RNA interference (RNAi) and the EC-specific
inducible Gal4 driver,MyoIAGal4ts (Jiang and Edgar, 2009). Dpp
signaling activity in ECs, as determined by pMAD, was greatly
reduced after the induction of RNAi against the type I receptor
thick veins (tkv) (Figures S2A and S2B), the type II receptor
punt (put), and mad (data not shown). In these Dpp-signaling-
deficient intestines, we observed a striking increase in themitotic
index (Figures 2A–2C and 2E). Similarly, when Dpp signaling
activity in ECs was blocked by ectopic expression of Brinker
(Brk) (Jazwinska et al., 1999), the negative effector of Dpp
signaling, we also found a dramatic increase in the mitotic index
(Figures 2D and 2E). In these intestines, we observed a striking
accumulation of esg+ cells (Figures 2F–2I). Moreover, a signifi-
cant increase in ISC-like cells (by Dl and Dl-lacZ) was observed
in these Dpp-signaling-deficient midguts (Figures 2J–2M).
Compared with the controls, esg+ cells and ISC-like cells (by
Dl-lacZ) not only filled the basal side of the midgut epithelium,
but also appeared at the apical side (Figures S2C–S2F). Collec-
tively, these data demonstrate that Dpp signaling in ECs is
required for midgut homeostasis.
Consistent with the great increase in mitosis and ISC-like cells
in Dpp-signaling-depleted midguts, we observed significant
accumulation of EBs determined by Su(H)-lacZ (Furriols and
Bray, 2001) (Figures 2N and 2O). Accumulation of ISC-like cells
and their progeny in these Dpp-signaling-depleted midguts
resembles human juvenile polyposis (JP) syndrome, which is
caused by deficient BMP signaling (Haramis et al., 2004).
Furthermore, we observed additional defects, such as the
expression of the mature EC marker PDM1 in esg+ cells (Figures
2P and 2Q). Also, ee cell numbers were increased, and some ee
cells were morphologically abnormal (Figures 2R and 2S). All of
these defects could be explained by rapid division and differen-
tiation of ISCs upon the loss of Dpp signaling in ECs. These
homeostasis-disruptedmidguts were able to recover to a normal
state on their own at nonrestrictive temperatures, although the
recovery time was long (Figures S2G and S2H).
JAK/Stat Signaling Is Activated in These Dpp-Signaling-
Deficient Intestines
We further examined the mechanism(s) by which Dpp signaling
regulates midgut homeostasis. Previous studies have shown
the essential roles of the JAK/Stat and EGFR signaling pathways
in regulating midgut homeostasis in response to environmental
challenges (Amcheslavsky et al., 2009; Jiang et al., 2009, 2011;
Karpowicz et al., 2010; Ren et al., 2010; Staley and Irvine,
2010). We first examined the activation of the JAK/Stat pathway
in the Dpp-defective midguts. The expression of the JAK/StatDevelopmpathway cytokines (Upd1–Upd3) was found to be significantly
upregulated in the whole Dpp-signaling-deficient midgut, as
determined by quantitative RT-PCR (qRT-PCR) (Figure 2T),
andUpd transcription (byUpd-lacZ) was found inmany intestinal
cells (putatively, ECs, EBs, and ISCs) (Figures 2U and 2V).
Consistent with the increased levels of Upd1–Upd3 expression,
JAK/Stat signaling was highly activated in these intestines, even
with aberrant activation in the apical cells (Figures 2T, 2W, 2X,
S2I, and S2J). Moreover, ectopic JAK/Stat signal activation
was also observed in the visceral muscles (VMs) of these
midguts (Figures S2K and S2L).
EGFR Signaling Is Also Activated and Responsible for
Homeostasis Loss in These Intestines
We also examined the activation of EGFR signaling. The expres-
sion of EGFR ligands [Keren (Krn), Spitz (Spi), and Vein (Vn)] as
determined by qRT-PCR was significantly upregulated in the
Dpp-signaling-depleted midguts (Figure 3A). Compared with
controls, Spiwas highly expressed in many intestinal cells (puta-
tively ECs, EBs, and ISCs), as well as in the VMs (Figures S3A–
S3D). Elevated Vn expression was also observed in the VMs of
these Dpp-signaling-deficient intestines (Figures 3B and 3C).
Consistent with increased EGFR ligand expression, the EGFR
signaling pathway as determined by phosphorylated ERK
(pERK) was highly activated in these intestines (Figures 3D and
3E). We further examined whether increased EGFR signaling is
involved in homeostasis loss. Knockdown of EGFR signaling
(by either EgfrRNAi or RasRNAi) in both ISCs and ECs did not
have obvious effects in midgut homeostasis (Figures 3F–3H0).
Importantly, simultaneous knockdown of the Dpp (by either
tkvRNAi or putRNAi) and EGFR pathways in both ISCs and ECs
could effectively suppress homeostasis disruption (Figures 3F–
3M0). Similarly, the increased mitotic index in Dpp-signaling-
depleted midguts was significantly suppressed by simultaneous
knockdown of the EGFR pathway (Figure 3N). Together, these
data indicate that ectopic activation of the EGFR pathway result-
ing from the loss of Dpp signaling is responsible for the disruption
of midgut homeostasis.
Dpp Is Expressed in Adult Trachea
The aforementioned experiments demonstrate the essential
roles of Dpp signaling in regulating midgut homeostasis. Next,
we examined the source of Dpp, the major BMP ligand in
Drosophila, involved in this process (Affolter and Basler, 2007).
We determined dpp expression in the midgut by a lacZ enhancer
trap of dpp, which faithfully reflects its endogenous expression
pattern. dpp is not expressed in the intestine or the VM (Figures
S4A and S4B); however, dpp expression is found in some cells
outside of the intestinal tissue (Figure 4A). Interestingly, these
dpp-expressing cells are tracheal cells, which constitute the
respiratory system of Drosophila (Figure 4B) (Ghabrial et al.,
2003). We further confirmed this result by in situ hybridization.
dpp expression examined by Dpp antisense probewas detected
in the wing disc as expected (Figures S4C and S4D), and dpp
expression was found in the tracheal cells (Figures 4C, 4D,
S4E, and S4F). Tracheae ramify from the spiracles and convolve
the whole intestine (Figures S4G and S4H). Three-dimensional
(3D) reconstructions show that the tracheae entangle the whole
intestine and penetrate through the VM, attaching to theental Cell 24, 133–143, January 28, 2013 ª2013 Elsevier Inc. 135
(legend continued on next page)
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Trachea-Derived Dpp Controls Midgut Homeostasisintestinal tissue (Figures 4E and 4F) and facilitating the transport
of oxygen to the intestinal tissue. Terminal tracheae do not
contact specific cells of the intestine, suggesting that oxygen
is released and diffused into the neighboring intestinal cells
from the nearby trachea (Figures 4G andS4I).We also expressed
green fluorescent protein (GFP)-Dpp in tracheal cells by trachea-
specific BtlGal4 and examined its distribution by extracellular
staining. Extracellular Dpp could be detected in the trachea
and the VM (Figure 4H).
Trachea-Derived Dpp Controls Midgut Homeostasis
To further determine whether trachea-derived Dpp is respon-
sible for Dpp signaling in the midgut, we performed the following
experiments. First, we knocked down dpp expression specifi-
cally in the tracheal cells using dpp RNAi lines and Btlts. Great
suppression of the Dpp downstream target (Sal) in the wing
disc as well as germline stem cell depletion were observed
upon induction of dpp RNAi lines in the wing disc and female ge-
marium, respectively (Figures S5A–S5D). The dpp transcript was
strikingly reduced upon induction of dpp RNAi lines in the
trachea (Figure 5A). Importantly, knockdown of dpp expression
by RNAi in the tracheal cells caused a great reduction of the
pMAD level in the midgut (Figures 5B–5E). Second, we observed
an increased mitosis (Figures 5F–5H) and accumulation of ISC-
like cells (Figures 5I and 5J) and EB cells in these midguts
(Figures 5K and 5L). All of these defects are virtually identical
to those in which Dpp signaling is specifically inhibited in ECs
(Figures 2 and S2). A dpp source other than the trachea is very
unlikely, as systemic knockdown of dpp by tubGal4ts produced
virtually identical midgut defects as the trachea knockdowns
(data not shown). In contrast to the effects of Dpp depletion in
the tracheal cells, knockdown of dpp expression in ECs did
not affect midgut homeostasis (Figures S5E and S5F). Third,
we found that the morphology of the trachea and the VMs wasFigure 2. Dpp Signaling in ECs Is Required for Adult Midgut Homeosta
(A) Mitotic activity (red, by PH3) in control guts is low at 29C for 7 days.
(B–D) Mitotic activity (red, by PH3) was dramatically increased upon tkv, put kn
(MyoIAts) at 29C for 7 days, respectively.
(E) Quantification of midgut mitosis indices (PH3+) in different genotypes indicate
(F) esg+ cells (red, by esg-lacZ) in control midgut at 29C for 7 days.
(G–I) Dramatic increase of esg+ cells (red, by esg-lacZ) was observed upon tkv, put
respectively.
(J) ISC (red, by Dl staining) in control midgut at 29C for 7 days.
(K) ISC (red, by Dl staining) was dramatically increased upon tkv depletion in EC
(L) ISC (red, by Dl-lacZ) in control midguts at 29C for 7 days.
(M) ISC-like cells (red, by Dl-lacZ) were greatly increased upon tkv depletion in E
(N) EBs [red, by Su(H)-lacZ] in control midguts at 29C for 7 days.
(O) EBs [red, bySu(H)-lacZ] were dramatically increased upon ectopic expression
(P) esg+ cells (red, by esg-lacZ) are separated from mature ECs (green, by PDM1
(Q) In MyoIAts>tkvRNAi midgut, many PDM1-positive cells (green) are often esg+ (
(R) ee cells (red, by Pros staining) in control midgut at 29C for 7 days.
(S) Increase of ee cells (red, by Pros staining) was observed upon tkv depletion in E
is larger than that of control ee cells (white arrowheads).
(T) qRT-PCR quantification of Drosophila JAK/Stat cytokines (Upd1–Upd3) and
midguts at 29C for 7 days. Ribosomal gene RpL11 was used as normalization c
(U) Upd (red, by Upd-lacZ) is barely detected in control midgut at 29C for 7 day
(V) Upd expression (red, by Upd-lacZ) was dramatically increased upon tkv depl
small and large cells in MyoIAts>tkvRNAi midguts (putatively ISCs, EBs, and ECs)
(W) Activation of JAK/Stat signaling (green, by 10XStatGFP) in control midguts a
(X) Dramatic increase of JAK/Stat signaling activity (green, by 10XStatGFP) was
In all the panels, blue indicates DAPI staining. Scale bars, 20 mm. See also Figur
Developmnormal upon depletion of Dpp in the trachea (Figures S5G–
S5I). We also could not detect any morphologic abnormality of
the VMs or defects in midgut homeostasis after inhibition of
Dpp signal activation in the VMs (Figures S5J–S5M). These
data argue that our observed defects of midgut homeostasis
are not the result of possible tracheal degeneration or VM
defects. Together, our data demonstrate that midgut homeo-
stasis is regulated by trachea-derived Dpp under physiological
conditions. The observation here provides a great example of
how homeostasis of one organ can be influenced by another
organ through organ-organ interaction.
Dpp Signaling Is Required for EC Protection
What is the function of Dpp signaling in ECs? The homeostasis
defects observed in Dpp-signaling-depleted midguts are very
similar to defects observed when midguts were damaged or
stressed by chemical agents or challenged by bacterial enteric
infection (Jiang et al., 2009, 2011). Therefore, we speculate
that the main function of Dpp signaling in ECs is to protect ECs
from cell death and/or stress resulting from environmental chal-
lenges. Indeed, we observed high levels of cleaved Caspase3 in
many ECs upon depletion of Dpp signaling in ECs (Figures 6A
and 6B), indicating that ECs became unhealthy and prone to
death. Similar results were also observed when dpp expression
was knocked down in the trachea (data not shown). Increased
Dpp-signaling-deficient ECs were also acridine orange (AO)
positive (Figures 6C and 6D). Meanwhile, elevated c-Jun
N-terminal kinase (JNK) signal activity was observed in these
Dpp-signaling-deficient midguts (Figures 6E and 6F), suggesting
that Dpp-signaling-deficient intestines were indeed stressed.
These results indicate that Dpp signaling is required for the
stability or health of ECs, protecting ECs from being lost, thereby
maintaining midgut homeostasis. In support of this view, ectopic
expression of antiapoptotic p35 or Diap1 was able to greatlysis
ockdown and ectopic expression of brk in ECs by MyoIAGal4 and tubGal80ts
d. Means ± SEM are shown. n = 10–15 intestines, **p < 0.01.
knockdown and ectopic expression of brk in ECs byMyoIAts at 29C for 7 days,
s at 29C for 7 days.
Cs at 29C for 7 days.
of Brk, the negative effector of Dpp signal, in ECs byMyoIAts at 29C for 7 days.
) in control midgut at 29C for 7 days.
red) (yellow, white arrowheads) at 29C for 7 days.
Cs at 29C for 7 days. Note that the nuclear size of some Pros-expressing cells
Socs36E messenger RNA (mRNA) expression from MyoIAts>tkvRNAi whole
ontrol. Means ± SEM are shown. *p < 0.05, **p < 0.01.
s.
etion in ECs at 29C for 7 days. Note that Upd-lacZ could be detected in both
.
t 29C for 7 days.
observed in MyoIAts>tkvRNAi midguts at 29C for 7 days.
e S2.
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Figure 3. EGFR Signaling Is Activated and Required for Homeostasis Loss in Dpp-Signaling-Deficient Midguts
(A) qRT-PCR quantification of Drosophila EGFR ligands (Krn, Spi, and Vn) mRNA expression fromMyoIAts>tkvRNAi whole midguts at 29C for 7 days. Ribosomal
gene RpL11 was used as normalization control. Means ± SEM are shown. **p < 0.01.
(B) EGFR ligand Vn (red, by Vn-lacZ) expression in the VMs in control midgut at 29C for 7 days.
(C) Vn expression (red, by Vn-lacZ) was increased in MyoIAts>tkvRNAi midgut at 29C for 7 days.
(D) EGFR signaling (red, by pERK) is mainly activated in small cells in control midguts at 29C for 7 days.
(E) Increased EGFR signal activation (red, by pERK) was observed in MyoIAts>tkvRNAi midguts at 29C for 7 days.
(F and F0 ) ECs were nicely arrayed in control midgut (Dl and Pros staining in red) at 29C for 7 days.
(G andG0) No obvious defect was found by knockdown of Egfr in both ECs and ISC/EBs usingMyo1A,esgts driver (MyoIAGal4, esgGal4,UAS-GFP, andGal80ts) at
29C for 7 days.
(H and H0) No obvious defect was found upon knockdown of Ras using a Myo1A,esgts driver at 29C for 7 days.
(I and I0 ) Midgut homeostasis was disrupted upon knockdown of tkv using a Myo1A, esgts driver at 29C for 7 days.
(J and J0) Midgut homeostasis was disrupted upon knockdown of put using a Myo1A,esgts driver at 29C for 7 days.
(K and K0 ) Homeostasis loss observed in Myo1A,esgts>tkvRNAi intestines were effectively suppressed upon simultaneous knockdown of tkv and Egfr
(Myo1A,esgts>tkvRNAi;EgfrRNAi) at 29C for 7 days.
(L and L0) Homeostasis loss observed in Myo1A,esgts>tkvRNAi intestines were effectively suppressed upon simultaneous knockdown of tkv and Ras
(Myo1A,esgts>tkvRNAi;RasRNAi) at 29C for 7 days.
(M and M0) Homeostasis loss observed in Myo1A,esgts>putRNAi intestines were effectively suppressed upon simultaneous knockdown of put and Egfr
(Myo1A,esgts>putRNAi,EgfrRNAi) at 29C for 7 days.
(N) Quantification of midgut mitosis indices (PH3+) in different genotypes indicated. Means ± SEM are shown. n = 4–10 intestines, **p < 0.01.
Blue indicates DAPI staining. Separated panels from (F–M) without GFP signal are shown. Scale bars, 20 mm. See also Figure S3.
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Figure 4. Dpp Is Expressed in Adult Trachea
(A) dpp (green, by dpp-lacZ) is expressed in
tissues outside of midgut (white arrowheads).
Note that most of the midgut epithelium is out of
focus in this image.
(B) BtlGal4 driver is expressed in the adult tracheal
system. dpp-expressing cells (green, by dpp-lacZ)
are tracheal cells (red, by BtlGal4, UAS-CD8RFP)
(white arrowheads).
(C) No signal could be detected in the trachea (and
the VMs) using dpp sense (negative control)
probe. The transmission photomultiplier tube
(bright field differential interference contrast [DIC])
is in gray.
(D) dpp (red, by antisense probe, white arrow-
heads) is expressed in the trachea: around the
tracheal nucleus and on the trachea. No signal
could be detected in the VMs (green arrowheads).
T PMT (bright field DIC) in gray.
(E) A 3D reconstruction shows that tracheal cells (green, by BtlGal4, UAS-CD8GFP) penetrate the visceral muscles and contact the midgut epithelium (red, by
phalloidin) (white arrowheads).
(F) An enlarged 3D reconstruction shows that tracheal cells (green, by BtlGal4, UAS-CD8GFP) penetrate longitude and circular visceral muscles and contact the
midgut epithelium (red, by phalloidin) (white arrowheads).
(G) A cross-view section of the midgut epithelium shows that the tracheae (red, by BtlGal4, UAS-CD8RFP) penetrate into the visceral muscles (green, by
phalloidin) (white arrowheads).
(H) Dpp [red, by GFP antibody extracellular staining (ex-GFP), white arrowheads] could be detected on trachea and the VM by an extracellular staining protocol.
In all the panels, blue indicates DAPI staining. Scale bars, 20 mm. See also Figure S4.
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signaling (Figures 6G–6I). Similarly, the increased mitotic index
in Dpp-signaling-depleted midguts was significantly suppressed
by coexpression of p35 or Diap1 (Figure 6J). It has been shown(I) ISC (red, by Dl staining) in the control midgut.
(J) ISC (red, by Dl staining) was dramatically increased upon dpp depletion by B
(K) EBs (red, by Su(H)-lacZ) in the control midgut.
(L) EBs (red, by Su(H)-lacZ) were greatly increased upon dpp depletion by Btlts.
In all the panels, blue indicates DAPI staining. Scale bars, 20 mm. See also Figur
Developmthat midgut regeneration occurred when ECs were ablated by
ectopic expression of Rpr or p53 (Jiang et al., 2009). Dramatic
increase of esg+ cells was observed during regeneration (Figures
6K and 6L). Importantly, ectopic expression of constitutivelyFigure 5. Trachea-Derived Dpp Is Required
for Adult Midgut Homeostasis
(A) Knockdown efficacy of two different dpp RNAi
lines used was determined by qRT-PCR quantifi-
cation from Btlts>dppRNAi whole midguts at 29C
for 24 days. Ribosomal gene RpL11 was used as
normalization control. Means ± SEM are shown.
**p < 0.01.
(B) High Dpp signal activation (red, by pMAD)
could be detected in control midgut.
(C and D) Dpp signal activation (red, by pMAD) in
the midgut was greatly reduced upon knockdown
of dpp expression in the trachea using both
dppRNAi lines (Btlts>dppRNAi-1 and Btlt >dppRNAi-2).
(E) Quantification of Dpp signal activation reduc-
tion (by pMAD) in ECs after knockdown of dpp
expression in the trachea. Integrated optical
density (IOD) was used. nR 4. Means ± SEM are
shown. **p < 0.01.
(F) Mitotic activity (red, by PH3) in the control
midgut is low.
(G) Mitotic activity (red, by PH3) in the midgut was
increased upon knockdown of dpp in the trachea
(by Btl>dppRNAi).
(H) Quantification of midgut mitosis indices (PH3+)
after dpp depletion by Btlts. Means ± SEM are
shown. n = 10 intestines, **p < 0.01.
tlts.
e S5.
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Figure 6. Dpp Signaling Maintains Midgut Homeostasis by Protecting ECs
(A) Apoptosis (red, by cleaved Casp3) is barely detectable in the control midgut.
(B) Increased cell death (red, by cleaved Casp3) was observed in MyoIAts>tkvRNAi midguts at 29C for 1.5 days.
(C) Apoptosis (red, by AO) was barely detectable in the control midgut.
(D) Cell death was increased (red, by AO) in MyoIAts>tkvRNAi midguts after 1.5 days at 29C.
(E) Cell stress (red, by JNK signal activation Puc-lacZ) could only be detected in a few cells in the control midgut.
(legend continued on next page)
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Figure 7. Model of Trachea-Derived Dpp
Signaling Controlling Midgut Homeostasis
A proposed model for Dpp signaling activated by
trachea-derived Dpp (and possibly other signals)
in midgut homeostasis control. High Dpp signaling
activity in ECs induced by trachea-derived Dpp
molecules protects ECs from being lost. Stabilized
ECs in turn limit ISC proliferation, thus maintaining
midgut homeostasis. BM, basal membrane; CVM,
circular visceral muscle; LVM, longitude visceral
muscle.
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Trachea-Derived Dpp Controls Midgut Homeostasisactive tkv (tkvCA) could partially suppress the tissue regeneration
caused by ectopic expression of p53 orRpr (Figures 6M–6P). On
the basis of our observations, we propose that trachea-derived
Dpp activates Dpp signaling in ECs to protect ECs from cell
death and counteract environmental insults. Stabilized ECs in
turn restrict ISCs from excessive proliferation, thus maintaining
intestinal homeostasis (Figure 7).
DISCUSSION
Our data shown here demonstrate the essential function of Dpp
signaling in Drosophila midgut homeostasis. We provide
evidence that one of the main functions of Dpp signaling is to
prevent loss of ECs from the midgut epithelium. In mammals,
intestinal homeostasis is regulated by reciprocal interactions
between the epithelium and the underlying mesenchymal
stroma (Haramis et al., 2004). Secreted BMP molecules from
underlying mesenchymal stroma cells seem to be essential for
maintenance of intestinal homeostasis. Loss of function BMP
signaling mutations are implicated in a number of human
diseases, including JP syndrome (Haramis et al., 2004). Although
the source of BMP in mammalian gut (from underlying mesen-
chymal stroma) is different from that in Drosophila (from tracheal
cells), depletion of BMP signaling activity in the villus leads to
overproliferation of ISCs (Haramis et al., 2004; Yeung et al.,
2011), a phenotype very similar to loss of Dpp signaling in ECs
shown here. Thus, our data argue that the function of BMP(F) More cells showed cell stress (red, by Puc-lacZ) in MyoIAts>tkvRNAi midguts after 1.5 days at 29C.
(G) Dramatic accumulation of esg+ cells (red, by esg-lacZ) resulted from tkv depletion in ECs.
(H) The accumulation of esg+ cells (red, by esg-lacZ) resulting from tkv depletion in ECs was greatly suppres
(I) The accumulation of esg+ cells (red, by esg-lacZ) resulting from tkv depletion in ECs was greatly suppres
(J) Quantification of midgut mitosis indices (PH3+) in genotypes indicated. Means ± SEM are shown. n = 10
(K) Dramatic accumulation of esg+ cells (red, by esg-lacZ) resulted from Rpr overexpression in ECs (MyoIAts>
reduced upon induction of apoptosis by Rpr overexpression. The morphology of the intestines was altered.
(L) Dramatic accumulation of esg+ cells (red, by esg-lacZ) resulted from p53 overexpression in ECs (MyoIAts>
reduced upon induction of apoptosis by p53 overexpression. The morphology of the intestines was altered.
(M) No obvious change of esg+ cells (red, by esg-lacZ) was observed upon activation of Dpp signal by tkvCA o
control. No morphological changes were observed.
(N) The accumulation of esg+ cells (red, by esg-lacZ) resulting from Rpr overexpression in ECs was partially s
tkvCA). EC numbers were increased and the intestinal morphology was partially restored.
(O) The accumulation of esg+ cells (red, by esg-lacZ) resulting from p53 overexpression in ECs was partially s
tkvCA). EC numbers were increased and the intestinal morphology was partially restored.
(P) Quantification of a relative number of esg-lacZ cells in genotypes is indicated. Means ± SEM are shown.
Blue indicates DAPI staining. Scale bars, 20 mm (A–D) and 50 mm (F–J).
Developmental Cell 24, 133–143signaling in intestinal homeostasis is
evolutionarily conserved. Our results
suggest that the Drosophila midgut is agood model to study BMP-related intestinal diseases and tissue
remodeling (O’Brien et al., 2011).
Our findings highlight the importance of organ-organ interac-
tion in tissue homeostasis. The interaction of different tissues
in tissue homeostasis has been described in the vertebrate field,
especially in the vasculature system (Imai et al., 2008; Katagiri
et al., 2009; Lawrence and Kim, 2000; Mian and Rose, 2011;
Plant, 2004; Plauth et al., 1993; Yamada et al., 2008). The vascu-
lature system can affect different organs by transporting
nutrients (such as amino acids), gases, hormones (such as
insulin and leptin), etc. to and from cells in the body to help
fight diseases and to maintain homeostasis in various tissues
(Farooqi and O’Rahilly, 2009; Olde Damink et al., 2002). In
Drosophila, recent studies in the fat body and muscle tissues
have provided examples of organ-organ interaction in controlling
the levels of insulin and its signaling (Demontis and Perrimon,
2010; Rajan and Perrimon, 2011; Sousa-Nunes et al., 2011).
Our findings demonstrate that midgut homeostasis inDrosophila
is regulated by the Dpp signal from the trachea, providing
another example of organ-organ interaction in tissue homeo-
stasis maintenance.
Why Dpp signaling is highly activated in ECs but not in other
intestinal cells is unknown. There are several possibilities. First,
the simplest explanation would be that there is a different
receptor level among different intestinal cell types. However,
we did not observe any difference in the Dpp receptor level, sug-
gesting that this is not the determining factor (data not shown).sed by coexpression of antiapoptotic p35.
sed by coexpression of antiapoptotic Diap1.
intestines. **p < 0.01.
Rpr). Note that numbers of ECs were dramatically
Refer to Figure 2F for control.
p53). Note that numbers of ECs were dramatically
verexpression in ECs (MyoIAts>tkvCA) compared to
uppressed by coexpression of tkvCA (MyoIAts>Rpr;
uppressed by coexpression of tkvCA (MyoIAts>p53;
n = 4–10 intestines. **p < 0.01.
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Developmental Cell
Trachea-Derived Dpp Controls Midgut HomeostasisSecond, the relatively larger surface area of ECs may allow ECs
to receive more Dpp ligands, thereby a higher level of Dpp
signaling. Third, similar to the mammals, Dpp antagonists could
be expressed in cells like ISCs/EBs, which inhibits Dpp signal
activation. Finally, it is possible that the fine terminals of tracheal
cells are more prone to contact with ECs, resulting in higher
levels of Dpp signal activation in ECs. Further studies are needed
to discriminate among these possibilities.
How Dpp reaches ECs is currently unknown. Dpp could be
secreted from tracheal cells and then diffused into the extracel-
lular space or cell surface of ECs. Consistent with this view, we
have observed extracellular GFP-Dpp in the VMs when ex-
pressed in tracheal cells (Figure 4H). Alternatively, it is possible
that tracheal cell-derived Dpp can reach ECs by the direct
contact of cytoneme-like cellular extensions from the terminals
of tracheal cells (Roy et al., 2011).
In summary, our data provide clear evidence of organ-organ
interaction in regulating midgut homeostasis. It would also be
interesting to know whether the midgut plays any role in feed-
back regulation of tracheal cell behavior. Further analysis of
this interorgan communication will help us understand themech-
anisms of systemic regulation of homeostasis under physiolog-
ical conditions or during environmental challenges.
EXPERIMENTAL PROCEDURES
Fly Genetics
Information for fly husbandry can be found in the Supplemental Information.
Information for alleles and transgenes used in this study can be found either
in FlyBase or as noted: y1w1118, Dad-lacZ, esgGal4, UAS-GFP, tubGal80ts
(esgts, gift from N. Perrimon), MyoIAGal4; tubGal80ts (MyoIAts, gift from S.
Hou), esg-lacZB7–2-22, tubGal4ts; BtlGal4, UAS-CD8RFP, BtlGal4, UAS-GFP;
tubGal80ts (Btlts), BtlGal4, UAS-CD8GFP, 24Bts, tkvRNAi (VDRC3059, NIG
14026R-1), putRNAi (NIG 7904R-2), madRNAi (BL31315, BL31316), UAS-brk,
UAS-p35, UAS-Diap1, dppP10638 (dpp-lacZ), Upd-lacZ (gift from H. Sun),
Spis3547 (Spi-lacZ), VnP1749 (Vn-lacZ, gift from R. Xi), 10XStatGFP (gift from
G. Baeg), UAS-dppGFP (gift from M. Gonzalez-Gaitan), Dl05151 (Dl-lacZ, gift
from S. Hou), GBE+Su(H)-lacZ (gift from S. Bray), EgfrRNAi (BL25781), RasRNAi
(VDRC28129), UAS-tkvQ253D (tkvCA), UAS-p53, UAS-Rpr, dppRNAi (BL25782,
BL33618),w(white)RNAi (BL33613), andGal4RNAi (from TRiP at HarvardMedical
School).
Immunostaining and Fluorescence Microscopy
For standard immunostaining, intestines were dissected in 1X PBS (10 mM
NaH2PO4/Na2HPO4, 175mMNaCl, pH 7.4) and fixed in 4% paraformaldehyde
for 25 min at room temperature. Samples were rinsed, washed with 0.1%
Triton X-100 in 1X PBS (1X PBT) and blocked in 5% horse serum in 1X PBT
for 45 min. For pMAD and pERK staining, intestines were dissected in ice-
cold PBS and fixed in 8% formaldehyde, 0.05 M EGTA pH 8.0 supplemented
with phosphatase inhibitors (Roche, 1:100) for 25 min at room temperature.
Subsequent steps are similar to standard staining with the supplementation
of phosphatase inhibitors. Appropriate primary antibodies were added to the
samples and incubated at 4C overnight. The following primary antibodies
were used: mouse monoclonal antibody (mAb) anti-Dl (C594.9B, 1:50), mouse
mAb anti-Prospero (MR1A, 1:100) obtained from Developmental Studies
Hybridoma Bank, rabbit anti-PDM1 (generous gift from X. Yang, 1:1000),
rabbit anti-b-galactosidase (Cappel, 1:5000), mouse anti-b-galactosidase
(Cell Signaling, 1:1000), rabbit mAb anti-pMAD3 (Epitomics, 1:300), rabbit
anti-pH3 (pSer10, Millipore, 1:2000), rabbit anti-pERK (p-p44/42, Cell
Signaling, 1:200), rabbit anti-cleaved Caspase 3 (5A1E, Cell Signaling,
1:200), and mouse mAb anti-GFP (MAB3580, Chemicon, 1:200). The primary
antibodies were detected by fluorescent-conjugated secondary antibodies
from Jackson ImmunoResearch Laboratories. Secondary antibodies were
incubated for 2 hr at room temperature. Rhodamine-conjugated phalloidin142 Developmental Cell 24, 133–143, January 28, 2013 ª2013 Elsevi(Molecular Probes, 1:200) and DAPI (Sigma; 0.1 mg/ml) were added after
secondary antibody staining. The samples were mounted inmounting medium
(70% glycerol containing 2.5% 1,4-diazabicyclo[2.2.2]octane). All images
were captured by a Zeiss LSM780 inverted confocal microscope and were
processed in Adobe Photoshop and Illustrator. Z-stacks were captured at
0.1–0.3 mM intervals and three-dimensional reconstructions were generated
using Zen 2009 Light Edition with different projections.
qRT-PCR
RNA was extracted from 10 midguts using TRIzol (Invitrogen). RNA was
cleaned using RNAeasy (QIAGEN), and complementary DNA (cDNA) was
synthesized using the iScript cDNA synthesis kit (Bio-Rad). Quantitative
PCR was performed using the iScript one step RT-PCR SYBR green kit
(Bio-Rad). Data were acquired using an iQ5 System (Bio-Rad). qRT-PCR
was performed in duplicate on each of three independent biological replicates.
All results are presented as mean ± SEM of the biological replicates. The ribo-
somal gene RpL11 was used as the normalization control.
pMAD Signal Quantification
Image-Pro-Plus 6.0 software was used for pMAD signal quantification. Two
parameters, integrated optical density (IOD) and area, were used in the anal-
ysis. A pixel filter was set to ensure that the area of interest did not include
objects smaller than 20 pixels (which are not ECs). IOD value per EC was
used. At least four different images were analyzed for each sample.
Data Analysis
PH3 numbers were scored manually under a Zeiss Imager Z2/LSM780 micro-
scope for indicated genotypes. To determine the relative number of esg+ cells,
confocal images of 40X lens/1.0 zoom from a defined posterior midgut region
between the hindgut and the copper cells of different genotypes indicated
were acquired. The relative number of esg+ cells was determined using
Image-Pro Plus from each confocal image. The number of intestines scored
is indicated in the text. Statistical analysis was done using the Student’s
t test. PEMS 3.1 software was used for SEM analyses and Microsoft Excel
2003/Sigma plot for graph generation. The graphs were further modified using
Illustrator. *p < 0.05; **p < 0.01.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2012.12.010.
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